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Abstract. Present work deals with the preparation of spark plasma-sintered Cu–Zn aggregate (5, 10 and 
20 wt% Zn) with interfacial bonding only starting from elemental powders of Cu and Zn (99⋅9% purity) and 
subsequently making of porous template of Cu by dezincification. Sintering is done so as to achieve only inter-
facial bonding with the aim to maintain maximum potential difference between the Cu and Zn particles  
during dezincification process in various solutions, viz. 1 N HCl and 3⋅5 wt% NaCl solutions. X-ray diffrac-
tion, optical microscopy and SEM–EDS are carried out to examine microstructural evolution and subsequent 
changes in hardness with sintering temperatures and different Zn percentages. Dezincification and pore  
formation are conducted on sintered 0⋅5 mm thick 12 mm diameter disc samples. The size, distribution and  
nature of pores in porous templates of Cu are then investigated using optical microscopy and SEM–EDS 
analysis. 
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1. Introduction 
De-alloying of Zn or dezincification in brass is a com-
monly noticed corrosion phenomenon (Gladen et al 1990; 
Jagodzinski et al 2000; Karpagavalli and Balasubrama-
niam 2007). Several researchers have studied dezincifica-
tion and suggested different mechanisms based on 
dissolution of active metal ions (Pickering and Wagner 
1967), inter-diffusion (Pickering and Wagner 1967)  
and percolation theory (Sieradzki and Newman 1986; 
Newman et al 1988). The result of the dezincification is 
the formation of loosely bound porous highly Cu-enriched 
layer on the surface of brass (Tuck et al 2010). On the 
other hand, de-alloying process is used effectively to pro-
duce nano-porous components useful in applications like 
catalysis, fuel cells, sensor, actuators, etc (Rintoul et al 
1996; Bond and Thompson 1999; Joo et al 2001; You  
et al 2003). Dezincification has been used to make porous 
Ag, Pt and Au templates (Huang and Sun 2004; Yeh et al 
2006; Jia et al 2007a, b). It is understood that processing 
of samples before electrochemical de-alloying (Zhang  
et al 2009) and choice of solution (Zhang et al 2012) are 
important factors for deciding the microstructure and 
thickness of the de-alloyed layer. Recently, Zhang et al 
(2012) have shown that melt spun Zn–Ag alloy ribbons of 
varied composition can form ~ 50 μm thick de-alloyed 
nano-porous Ag sheet in NaCl and HCl solutions. It is 
clear from their work as well as from works of other  
researchers (Huang et al 2004; Yeh et al 2006; Jia et al 
2007a, b) that metallurgically prepared samples have the  
advantage of being made into thicker porous sheet. 
Moreover, all the previous studies (Huang and Sun 2004; 
Yeh et al 2006; Jia et al 2007; Li et al 2010; Zhang et al 
2012) on the making of porous templates are from the 
precursors consisting of alloys made by either electro-
chemical deposition or melt spinning. Selective leaching 
from a binary component undergoing anodic dissolution 
is most effective, since there exists a large difference in 
the single-electrode potential of the constituent metals as 
well as in the case, when the overall electrode potential  
of the final alloy is significantly lower than that of the 
more noble component and higher than that of the less 
noble component (Ahmed and Macdonald 2012). Cu re-
deposition would further maximize the potential gradient 
between cathodic and anodic sites in the corrosive  
solution. 
 Cast and wrought brasses are most common due to the 
difficulties in production of PM brasses through conven-
tional PM techniques (pressing and sintering) because of 
the very fast evaporation of highly volatile Zn during 
sintering, resulting in high amount of residual porosity 
and non-uniformity in composition (Radomyselskii et al 
1984). This heterogeneity problem is, to some extent, 
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overcome by using Cu powders pre-alloyed with Zn. But 
in that process, extensive Cu–Zn alloying would lead to 
the formation of several inter-metallic compounds which 
may affect the mechanical and electrochemical properties 
of the final product. Efforts have also been made to pro-
duce fully-dense brass product by the addition of alloying 
elements (Shufeng et al 2011a, b). Spark plasma sintering 
(SPS) can be a very novel technique of consolidation of 
metal powders which completely eliminates the problem 
of Zn loss due to evaporation using a pulsed d.c. power 
and uni-axial pressure providing a very high heating rate 
resulting from plasma and Joule heating and rapid sinter-
ing at a relatively low temperature (Hungria et al 2009). 
Recent researches on consolidation of Zn alloys (Gutmanas 
1990; Hisashi et al 2010; Shufeng et al 2011a, b) show 
the extensive and successful use of SPS technique in 
eliminating any variation in composition. 
 In the present work, a novel attempt is made to obtain 
porous template from partially sintered Cu–Zn aggregate 
made by spark plasma sintering followed by selective 
dissolution of Zn in HCl and NaCl solutions. Pure Cu and 
Zn powders of 99⋅9% purity are ball milled at low rpm 
for making homogeneous mixer (no alloying). These  
mechanically mixed powders are then sintered in such a 
manner, so that interface bonding takes place only and 
complete alloying is prevented. The main objective to 
make such sample is to enhance the potential difference 
during electrochemical dissolution of Zn from the sin-
tered aggregate and finally, produce porous Cu template. 
2. Experimental 
Based on binary alloy phase diagram (figure 1) (http:// 
people.virginia.edu/~lz2n/mse305/notes/PD-Binary.pdf), 
three different compositions of Cu–Zn mixtures were 
chosen such that the mixtures were within the solid solu-
tion range, both at room temperature and at elevated 
 
 
 
Figure 1. Binary alloy phase diagram of Cu–Zn and the posi-
tion of the Cu–Zn mixture shown in the figure with arrowhead. 
temperatures. Electrolytically prepared Zn powder (99⋅9% 
pure, density 7⋅13 g/cm3) and Cu powder (99⋅5% pure, 
density 8⋅96 g/cm3) were then milled in a planetary ball 
mill at 200 rpm for 45 min to prepare three sets of powders 
having compositions Cu–5 wt% Zn, Cu–10 wt% Zn and 
Cu–20 wt% Zn. Milling was carried out using tungsten 
carbide vials and tungsten carbide balls of 10 mm diame-
ter in a dry atmosphere with a ball to powder ratio of 
10 : 1. The powdered samples were finally consolidated to 
5 × 12 mm pellets in a graphite die followed by sintering  
under an uniaxial load of 3⋅5 kN at three different tempe-
ratures of 500, 550 and 600 °C for 5 min, each using a 
SPS apparatus (Dr Sinter 5000 Series, Model SPS-625, 
SPS Syntex Inc., Japan). The heating rate was maintained 
at 100 °C/min to reach sintering temperature and load 
was applied before the start of the heating and withdrawn  
after holding the sample at the sintering temperature. The 
samples were then furnace cooled up to 200 °C followed 
by air cooling to room temperature. X-ray diffraction using 
CuKα radiation (λ = 0⋅15418 nm) was carried out after 
ball milling and sintering and the peaks were compared to 
the standard peaks using PCPDFWIN software. Density 
of the pellets was measured by Archimedes method. Sin-
terability of the pellets was calculated using the following 
equation: 
Sinterability = Experimental density of  
        aggregate/theoretical density of aggregate. 
Optical microscopy (Zeiss Axio M1m) and scanning elec-
tron microscopy (SEM ZEISS EVO 50) were carried out 
for microstructural characterization of the sintered sam-
ples. Metallographic samples were prepared by polishing 
on 400 to 2000 grit SiC paper followed by cloth polishing 
using 5 μm alumina and finally, etching in FeCl3 solution 
for 3–5 s. SEM equipped with energy dispersive X-ray 
spectrometer (EDS) was used for compositional analysis 
including the line scan, spot scan and elemental mapping 
to study the degree of uniformity and distributions of the 
different constituents. Bulk hardness was measured using 
the vickers indent by applying a load of 10 g for 15 s and 
minimum 20 indentations were recorded for each sample 
at random places in order to have a representative average 
value of hardness. 
 For dezincification studies, 0⋅5 mm thick discs were 
sliced out from sintered pellets of 12 mm diameter. Direct 
immersion tests were carried out by suspension of each of 
the fine polished samples (up to 1600 grit size) in sepa-
rate conical flasks containing 250 mL of two different 
types of non-agitated solutions 1 M HCl (pH 0⋅47) and 
3⋅5 wt% NaCl (pH 7⋅2) for 45 days maintained at room 
temperature (25 °C). The samples were then properly 
cleaned ultrasonically in acetone for 10 min. Microstruc-
tural analyses were then performed in SEM equipped 
with EDS for the characterization of size, distribution and 
nature of pores after dezincification. 
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Figure 2. X-ray diffraction patterns of (a) ball milled powders of Cu–5 wt% Zn, Cu–10 wt% Zn, Cu–20 wt%  
Zn mixtures and the pallets sintered at (b) 500, (c) 550 and (d) 600 °C. 
 
 
3. Results and discussion 
Figure 2(a) shows the XRD patterns of the mixed pow-
ders after ball milling as well as that of pure Cu and Zn 
powders. The ball-milled powders show distinct Cu peaks 
whereas, the Zn peaks are relatively weaker because only 
5, 10 and 20 wt% Zn are present in respective powder 
mixtures. The presence of distinct Cu and Zn peaks in the 
ball-milled powders shows that pre-dominantly Cu and 
Zn are present in elemental form in the milled powders. 
However, the patterns show some additional peaks and 
this confirms the formation of small fraction of CuZn2 
and CuZn phases. This suggests that there is a possibility 
of reaction between the Zn and Cu particles at the inter-
face region during low energy ball milling. Figures 2(b–
d) show the XRD patterns from the spark plasma sintered 
Cu–Zn aggregates at 500, 550 and 600 °C, respectively. 
Analysis of these patterns shows that with increase in Zn 
content as well as with increase in sintering temperature, 
new peaks appear. However, elemental peaks of pure Zn 
and pure Cu still persist suggesting that there are reac-
tions between Cu and Zn at the particle boundaries. Cer-
tain intermetallics like Cu5Zn8 (cubic), CuZn2 (cubic) and 
CuZn (rhombohedral) are found in the sintered samples. 
 Figure 3(a and b) show the variation of density of the 
sintered samples as a function of temperature and Zn 
 content, respectively. The rate of density change in-
creases with the increase in temperature and Zn content 
(figure 3a) suggesting better sintering. However, the density 
of the sintered sample is minimum at lowest temperature 
with maximum Zn content (20 wt%) and vice versa.  
Figure 3(c and d) show the variation of relative density of 
the sintered aggregates as a function of temperature and 
Zn content, respectively. It is clear from sinterability
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Figure 3. Variation of density and sinterability of the sintered pellets with the variation in (a) and (b) sintering tem-
perature and (c) and (d) composition. 
 
 
plots (figure 3c and d) that the relative sintered density 
increases with increase in temperature of sintering and 
density is maximum for lowest Zn content suggesting 
least porosity content for lowest Zn-content at highest 
temperature. Hence, despite the tendency of volatile Zn to 
evaporate at elevated temperature, the densification by 
inter-diffusion of Cu and Zn atoms possibly predominates 
with increase in sintering temperature and lower Zn con-
tent. 
 Figure 4(a–c) show the optical micrographs of Cu–
5 wt% Zn sintered at 500, 550 and 600 °C, respectively. 
The colour contrast within the reddish background of the 
images describes the presence of Zn particles within the 
Cu matrix (shown by arrowhead). The porosity can be 
seen to be decreasing with increase in sintering tempera-
ture giving rise to a more compact microstructure at 
higher sintering temperature. Figure 5(a–c) show the 
SEM micrographs in the secondary electron imaging 
mode of Cu–10 wt% Zn sintered at 500, 550 and 600 °C, 
respectively. The dark phases indicate the presence of Cu 
phases while the bright phases indicate the Zn phases. 
Higher densification tendency, i.e. less porosity (shown 
by arrowhead) at higher sintering temperature is also 
clearly depicted in the micrographs. 
 The SEM micrographs of Cu–20 wt% Zn sintered at 
500, 550 and 600 °C are shown in figures 6(a–c), respec-
tively. Marked differences in the distributions of solute, 
i.e. Zn-rich and Cu-rich regions in the microstructures 
with respect to the sintered samples with lower Zn con-
tent are observed. It may be attributed to the higher inter-
facial area between Cu and Zn resulting into greater 
reaction possibility and subsequent intermetallics forma-
tion at high temperature during sintering in Cu–20 wt% 
Zn sample. The XRD patterns of the Cu–20 wt% Zn  
(figure 2) also indicate that the intermetallics formation is 
more pronounced in higher Zn containing mixtures. 
 Table 1 shows the point analysis of the sintered sam-
ples as indicated in the SEM micrographs (figure 7a–c) 
for the Cu–5 wt% Zn, Cu–10 wt% Zn and Cu–20 wt% Zn 
samples sintered at 500 °C, respectively. It confirms the 
presumption that higher the Zn content, the higher would 
be the interfacial bonding between Cu and Zn particles 
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resulting in alloying and homogenization upon sintering. 
Figure 8(a–c) shows the line scan composition/elemental 
profiles for Cu and Zn for the Cu–5 wt% Zn samples sin-
tered at 500, 550 and 600 °C, respectively. The localized 
nature of variation can be seen in the case of 500 and 
550 °C sintered samples, while the 600 °C sintered sam-
ples, indicate better homogenization of elemental distri-
bution, which reconfirms the distribution of Cu-rich and 
Zn-rich regions. 
 Figure 9(a and b) shows the variation of Vickers hard-
ness with increase in Zn content and sintering tempera-
tures, respectively. The Vickers hardness shows an 
increasing tendency with increase in Zn content and sin-
tering temperature and is highest for the sample with 
 
 
 
Figure 4. Optical micrographs of Cu–5 wt% Zn sintered at (a) 
500 (b) 550 and (c) 600 °C. 
highest Zn content sintered at highest sintering tempera-
ture. Ja-Myeong et al (2008) have studied that the addi-
tion of 5–30 wt% Zn in pure Cu and demonstrated an 
increase in hardness by 15–60% along with the increase 
in grain size. However, in the present case, the hardness 
increase is about 15%, when the mixture with highest Zn 
content is sintered at highest temperature. 
 Figure 10 shows the elemental mapping carried out on 
Cu–5 wt% Zn sintered at 500 °C after immersion test for 
45 days in 1 M HCl solution. The image frame corre-
sponding to Zn shows very little X-ray signal providing 
evidence for complete dissolution of Zn, whereas the  
image frames for Cu and oxygen indicate the presence of 
Cu and oxygen all throughout except the pore regions as  
observed in the SEM micrograph in figure 10. The oxides 
might have formed due to long exposure to aerated 1 M 
HCl solution. The remaining Zn (0⋅25 wt%) obtained 
from overall area mapping may be present due to Cu–Zn 
 
 
 
Figure 5. SEM micrographs of Cu–10 wt% Zn sintered at (a) 
500 (b) 550 and (c) 600 °C. 
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Table 1. Compositional analysis (EDS) of the points shown in the micrographs of sintered pellets in 
figure 7. 
 Sintering 
Composition temperature (°C) Spectrum Cu (wt%) Zn (wt%) 
 
Cu–5 wt% Zn 500 A 100 – 
  B 90⋅33 9⋅67 
  C 86⋅69 13⋅31 
  D 82⋅67 17⋅33 
 
Cu–10 wt% Zn 500 A 84⋅18 15⋅82 
  B 93⋅44 6⋅56 
  C 86⋅94 13⋅06 
 
Cu–20 wt% Zn 500 A 74⋅26 25⋅74 
  B 78⋅61 21⋅39 
  C 81⋅28 18⋅72 
 
 
Figure 6. SEM micrographs of Cu–20 wt% Zn sintered at (a) 
500 (b) 550 and (c) 600 °C. 
 
Figure 7. Composition measured from EDS point analysis 
mentioned in table 1 from the different regions as indicated in 
SEM micrographs of (a) Cu–5 wt% Zn sintered, (b) Cu–10 wt% 
Zn sintered and (c) Cu–20 wt% Zn sintered at 500 °C. 
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Table 2. Compositional analysis (EDS) of the points shown in the micrographs of corroded surfaces of  
Cu–5 wt% Zn in figure 11. 
Sintering 
temperature (°C) Corrosive used Spectrum Cu (wt%) Zn (wt%) O (wt%) 
 
500 HCl A 97⋅25 0 2⋅75 
  B 98⋅21 0 1⋅79 
  C 98⋅04 0 1⋅96 
 NaCl A 100 0 0 
  B 100 0 0 
  C 98⋅55 1⋅45 0 
 
550 HCl A 100 0 0 
  B 96⋅1 2⋅35 1⋅55 
  C 95⋅57 2⋅02 2⋅41 
 NaCl A 79⋅89 0 20⋅11 
  B 89⋅14 0 10⋅86 
  C 97⋅29 0 2⋅71 
 
600 HCl A 89⋅4 10⋅03 0⋅58 
  B 85⋅83 7⋅64 6⋅53 
  C 88⋅43 6⋅68 4⋅89 
 NaCl A 84⋅71 1⋅70 13⋅59 
  B 79⋅88 2⋅43 17⋅68 
  C 83⋅07 3⋅66 13⋅27 
 
 
 
Figure 8. EDS patterns describing line scan analysis of Cu–5 wt% Zn sintered at (a) 500 (b) 550 and (c) 600 °C. 
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Figure 9. Variation in bulk hardness (Vickers) with respect to (a) sintering temperature and (b) Zn 
content. 
 
 
 
Figure 10. Mapping of the overall corroded surface area showing elemental distribution of the  
Cu–5 wt% Zn aggregate sintered at 500 °C immersed in 1 M HCl for 45 days. 
 
 
intermetallic compounds formed at the interfaces during 
sintering. Quite a large amount of porosity is observed at 
few regions. 
 It is clear that Zn is not present near the pores as ob-
served in the point analysis (table 2) from the regions A, 
B, and C on the figure 11(a). The evolution of micro-
pores in Cu–5 wt% Zn sintered at 500 and 550 °C upon 
dissolution in 1 M HCl is shown in figures 11(a and b), 
respectively. However, in Cu–5 wt% Zn sintered at 600 °C, 
the dissolution of zinc is not effective according to the 
EDS data shown in table 2. Almost complete Zn is re-
tained in the matrix and only overall dissolution from 
Cu–Zn matrix has occurred. The pore size after dissolu-
tion is found to be in the range of 1⋅5–40 μm with an 
overall porosity of 39⋅4, 27⋅6 and 44% for Cu–5 wt% Zn 
sintered at 500, 550 and 600 °C, respectively. Extensive 
dissolution of both Cu and Zn is found to have occurred 
in those samples sintered at relatively lower temperature, 
which is being confirmed from EDS analysis as shown in 
table 2. The surface topography is quite rough and similar
Preparation of spark plasma-sintered Cu–Zn aggregate 
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Figure 11. Composition measured from EDS point analysis mentioned in table 2 from the different  
regions as indicated in SEM micrographs of Cu–5 wt% Zn sintered at (a) 500, (b) 550 and (c) 600 °C  
all immersed in 1 M HCl for 45 days and (d) 500, (e) 550 and (f) 600 °C all immersed in 3.5 NaCl for 45 
days. 
 
 
for all the samples which may lead to the conclusion that 
the selective dissolution of the Zn rich regions has taken 
place (Ahmed and Macdonald 2012) in 1 M HCl solution. 
The effect of low pH ~ 0⋅47 (1 M HCl) solution is quite 
pronounced from the fact that oxide layer formation is 
strongly prevented (table 2). 
 Figures 11(d, e and f) shows the surface morphology of 
Cu–5 wt% Zn sintered at 500, 550 and 600 °C, respec-
tively, after dissolution in 3⋅5 wt% NaCl solution for 45 
days. The points marked as A, B and C, indicate the loca-
tions from where the EDS data shown in table 2 are  
obtained. The Zn content is very low, but at few regions 
only. Minor amount of Zn dissolution has occurred in 
Cu–5 wt% Zn sintered at 600 °C shown in figure 11(f). 
Though, very fine pores have formed, the rate of dissolu-
tion is quite slow. Formation of oxide layers on the surface 
prevents dissolution, although, fine porosity evolution 
has occurred penetrating through the oxide films. Pore 
size ranges from 550 nm to 3 μm. The morphology also 
indicates that dezincification occurs following selective 
leaching mechanism in NaCl solution (Ahmed and  
Macdonald 2012). 
 Rapid but premature sintering obtained from spark 
plasma sintering prevents the evaporation of Zn at elevated 
temperature and results into formation of hard intermetal-
lics only at the interfaces, thereby, forming a network like 
structure with a hard boundary and a soft matrix from 
where the anodic dissolution of Zn initiates upon immer-
sion. But, too high solute concentration, as in the case of 
Cu–20 wt% Zn, may accelerate the formation of inter-
metallic compounds due to the increased interfacial area 
between Cu and Zn particles, which enhance the reaction 
possibility. Thus, the final rate of dezincification pheno-
mena may be retarded due to absence of adequate free 
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Zn. Thus, optimum amount of Zn (here Cu–5 wt% Zn) is 
to be chosen for better dissolution. The dissolution test 
for the alloys with higher Zn content will be taken up for 
future analysis. In case of the samples immersed in 1 M 
HCl, extensive corrosion has occurred and from the  
images, it is clear that selective dissolution (Ahmed and 
Macdonald 2012) of the Zn phase has just started in the 
samples immersed in 3⋅5% NaCl. Less than micron-sized 
pores as compared to the samples immersed in 1 M HCl 
are observed on the surfaces of those samples. But, even 
upon extensive exposure in 3⋅5 wt% NaCl solution, the 
selective dissolution of Zn as well as the distribution of 
pores, is not that much effective with respect to that in 
1 M HCl. Formation of oxide layers on the sample sur-
face due to the exposure in aerated solutions, especially 
in 3⋅5 wt% NaCl solution, is thought to initially restrict 
the action of Cl– ions on free Zn atoms. However, final 
dissolution occurs by penetrating through the oxide film. 
It can be easily concluded from the structure that expo-
sure for longer time or in controlled potential would have 
created more uniform porosity in these samples. 
4. Conclusions 
Due to spark plasma sintering, the concentration of Zn is 
maintained exactly and thoroughly as per the initial com-
position. The hard intermetallics formed during sintering 
at the Cu–Zn interfaces act as the boundary network. The 
premature sintering successfully results in formation of 
hard inter-particle boundaries comprising of intermetal-
lics and pure Cu and Zn have been inside the matrix.  
Uncontrolled dezincification has occurred from the Cu–Zn 
matrix through selective leaching mechanism. Low  
temperature sintering is preferred to avoid the formation 
of intermetallics in the matrix which would prevent pref-
erential dissolution. The effect of chloride ions from 1 M 
HCl is much more pronounced than that of 3⋅5 wt% NaCl, 
though the pores are comparatively finer in case of NaCl 
solution than that of HCl solution. 
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